Objective: The present study was conducted to investigate the effects of a lipid-coated zinc oxide (ZnO) supplement Shield Zn (SZ) at the sub-pharmacological concentration on intestinal morphology and gene expression in weanling pigs, with an aim to gain insights into the mechanism of actions for SZ. Methods: Forty 22-day-old weanling pigs were fed a nursery diet supplemented with 100 or 2,500 mg Zn/kg with uncoated ZnO (negative control [NC] or positive control [PC], respectively), 100, 200, or 400 mg Zn/kg with SZ for 14 days and their intestinal tissues were taken for histological and molecular biological examinations. The villus height (VH) and crypt depth (CD) of the intestinal mucosa were measured microscopically following preparation of the tissue specimen; expression of the genes associated with growth and immune function was determined using the real-time quantitative polymerase chain reaction. Results: There was no difference in daily gain, gain:feed, and diarrhea score between the SZ group and either of NC and PC. The VH and VH:CD ratio were less for the SZ group vs NC in the jejunum and duodenum, respectively (p<0.05). The jejunal mucosal mRNA levels of insulin-like growth factor (IGF-I) and interleukin (IL)-10 regressed and tended to regress (p = 0.053) on the SZ concentration with a positive coefficient, respectively, whereas the IL-6 mRNA level regressed on the SZ concentration with a negative coefficient. The mRNA levels of IGF-I, zonula occludens protein-1, tumor necrosis factor-α, IL-6, and IL-10 did not differ between the SZ group and either of NC and PC; the occludin and transforming growth factor-β1 mRNA levels were lower for the SZ group than for PC.
INTRODUCTION
Zinc oxide (ZnO) is added to the nursery pig diet at 2,000 to 4,000 mg/kg to alleviate the diarrhea and growth check of the post-weaning piglets in many non-EU countries [1] [2] [3] . However, such a pharmacological ZnO supplementation poses a hazard of environmental pollution with the heavy metal, because dietary ZnO is mostly excreted in feces due to low absorption efficiency [4, 5] . It is therefore necessary to find any Zn supplement that can elicit the effects of pharmacological ZnO at a lower dose. Shield Zn (SZ) used in the feeding trial of the present study is a proprietary ZnO product in which the mineral particle is coated with lipid to maximize the rate of delivery of the mineral in its native chemical form to the intestine without being ionized in the stomach.
The present ZnO study group has reported that dietary supplementation of 100 mg Zn/kg with SZ ('basal SZ') had no beneficial effect on fecal consistency (diarrhea) score (FCS) and intestinal villus structure, with no or slightly growth-enhancing effect, compared with those with basal ZnO in weanling pigs whereas pharmacological ZnO (2,500 mg Zn/kg) increased the daily gain and reduced FCS without affecting the villus structure [6, 7] . Moreover, the circulating and hepatic Zn concentrations of the piglets were greater in the pharmacological ZnO group than in the basal SZ and basal ZnO-100 groups, with no difference between the latter two groups, in these studies as well as in a latest study with post-weaning pigs challenged with enterotoxigenic Escherichia coli (ETEC) K88 (Han JH, unpublished results). The growth-enhancing effect of basal SZ observed in weanling piglets [7] , as well as the growth-enhancing and diarrhea-alleviating effects of the supplementation in the ETEC K88-challenged piglets [8, 9] , are therefore likely to have resulted from the action of SZ in the intestine before its complete absorption into general circulation. Little is known, however, about the molecular mechanism of actions of SZ at the intestine as well as the dose effect of the Zn supplement. The present study was therefore performed to investigate the effects of SZ supplemented at the sub-pharmacological concentration compared with those with basal as well as pharmacological ZnO and also the dose effects of SZ on the intestinal mucosal morphology and expression of the genes associated with growth and immunity in weanling pigs and, thereby, to gain insights into the mechanism of actions of the Zn supplement.
MATERIALS AND METHODS

Animals and dietary treatments
The protocol for the present experiment was approved by the Institutional Animal Care and Use Committee of Gyeongnam National University of Science and Technology. Forty castrated piglets born to Duroc-sired Yorkshire×Landrace dams were allotted randomly to five dietary treatments in 40 pens, with eight pens per treatment, immediately after weaning at 21 days of age. The dietary treatments were supplementations to a basal nursery diet (Table 1) with 100 mg Zn/kg as ZnO (basal ZnO or negative control [NC]), 2,500 mg Zn/kg as ZnO (pharmacological ZnO or positive control [PC]), 100, 200, or 400 mg Zn with Shield Zn (SZ-100, -200, or -400, respectively; CTCBIO, Seoul, Korea). The basal diet was formulated to meet or exceed the nutrient requirements for 5 to 10 kg piglets recommended by the Committee on Korean Feeding Standard for Swine [10] . The piglets were adapted to the experimental diet overnight and placed on a 14-day feeding trial on the following day. The diet and water were freely accessible to the piglets throughout the experiment. The ambient temperature was controlled at 30°C and 29°C during the first and second weeks of the trial, respectively. The body weight and feed intake were measured on days 0, 7, and 14 and on days 7 and 14, respectively. The fecal consistency was subjectively scored as previously described [6, 7] except that a 0-to-2 scale was used in the present study instead of the 1-to-3 scale: 0, normal firm feces; 1, soft feces; 2, diarrhea.
Histological examination
All piglets were euthanized by electric stunning at the end of the feeding trial and the intestinal tissue was taken from each of the segments of the duodenum, jejunum, ileum, and colon also as described previously [8, 11, 12] . The tissue was fixed in a 10% neutral formalin solution, embedded, mounted onto the slide, and stained, after which the villus height (VH) and 
Real-time quantitative polymerase chain reaction
Total RNA was extracted from the jejunal mucosa using RNAzol B (TRIzol Reagent, Invitrogen, Eugene, OR, USA). The levels of the target gene mRNA and the internal control β-actin gene were determined by real-time quantitative polymerase chain reaction (PCR) with SYBR Green Supermix (BioRad, Hercules, CA, USA) after the synthesis of the first-strand DNA using the cDNA Cycle kit (Invitrogen Co., Carlsbad, CA, USA) as previously described [13, 14] . The nucleotide sequences of the forward and reverse primers for zonula occludens protein-1 (ZO-1) were 5'-CCTGAGTTTGATAGTGGCGTTGA-3' and 5'-AAATAGATTTCCTGCCCAATTCC-3' , respectively; those for interleukin (IL)-10 were 5'-GCATCCACTTCCCAA CCA-3' and 5'-CTTCCTCATCTTCATCGTCAT-3' , respectively. For the primers for insulin-like growth factor-I (IGF-I), occludin, IL-6, tumor necrosis factor-α (TNF)-α, and transforming growth factor-β1 (TGF-β1), the nucleotide sequences designed by Shen et al [15] were used. The PCR conditions were initial denaturation at 95°C for 5 min, 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. The relative level of the target gene expression was normalized to that for the control gene according to the 2 -ΔΔCt method as described by Livak and Schmittgen [16] .
Statistical analysis
The effects of the total SZ treatment (SZ-100, -200, and -400) compared with those of NC or PC were analyzed via contrast using the general linear model procedure of SAS (SAS Institute Inc., Cary, NC, USA). The piglet was the experimental unit in all variables. For the FCS, in which the model included the day and day×treatment interaction in addition to the treatment, the effects of the day and the day×treatment interaction were tested using day×piglet as the error term. The linear and quadratic regressions of each variable on the dietary SZ concentration within the total SZ treatment were analyzed using the regression procedure of SAS. The significance and tendency of the results of the regression and contrast were defined as p<0.05 and 0.05≤p<0.10, respectively.
RESULTS
Growth performance and FCS
The average daily gain (ADG) did not differ between the SZ group and either of the NC and PC groups during the period of days 0 to 7, 7 to 14, or 0 to 14 ( Table 2 ). The average daily feed intake, which did not differ between the SZ and NC groups for any of the experimental periods, tended to be less for the SZ group vs PC during the period of days 7 to 14 and was also less for the former group for the entire 14-day period. On the other hand, the gain:feed ratio tended to be greater for the SZ group vs PC during the period of days 7 to 14.
The majority of the animals exhibited a low FCS corresponding to the normal firm feces throughout the experiment. The FCS did not differ between the SZ group and either of the NC and PC groups on any of days 0, 7, and 14 or for the entire experimental period. Nevertheless, the mean FCS increased between days 0 and 7 and returned to the day-0 level by day 14 (0.10, 0.30, and 0.15 for days 0, 7, and 14, respectively, with standard error of mean = 0.065).
Intestinal mucosal morphology
The VH in the duodenum tended to be less for the SZ group vs NC whereas the CD was greater for the former (Table 3 ). The VH:CD ratio in the duodenum was less for the SZ group than for both NC and PC groups. In the jejunum, the VH was less for the SZ group vs NC group, but the CD and VH:CD ratio did not differ between the SZ group vs either of the NC and PC groups. In the ileum, neither the VH nor CD differed between the SZ and either of the NC and PC groups, but the VH:CD ratio tended to be less for the SZ group vs ZnO-100. The goblet cell density in the colon did not differ between the SZ group and either of the NC and PC groups.
Gene expression
The IGF-I mRNA level in the jejunal mucosa did not differ between the SZ group and either of the NC and PC groups (Table 4) . Within the SZ group, the IGF-I mRNA level regressed on the supplemental SZ concentration with a positive coefficient. The mRNA level of ZO-1 did not differ between the SZ group and either of the NC and PC groups. The occludin mRNA level for the SZ group did not differ from the level for the NC group, but it was lower than that for the PC group. The mRNA levels of TNF-α, IL-6, and IL-10 did not differ between the SZ group and either of the NC and PC groups. Within the SZ group, the IL-6 mRNA level regressed on the supplemental SZ concentration with a negative coefficient whereas the IL-10 mRNA level tended to regress on the supplemental SZ concentration with a positive coefficient (p = 0.053). The TGF-β1 mRNA level did not differ between the SZ and NC groups, but it was lower for the SZ group vs PC.
DISCUSSION
The lack of any significant effect of the SZ treatment as well as PC vs NC on growth performance and FCS was consistent with the results observed by Jang et al [6] in which the piglets were housed in small 4-animal pens at the same farm where the present feeding trial was performed. However, these results differed from the increased ADG and decreased FCS in response to basal SZ in the piglets challenged with ETEC K88 [8, 9] as well as the increased ADG due to the treatment in unchallenged piglets in large pens (34 piglets/pen) under commercial setting [7] . It thus seems apparent from these results that the effects of the sub-pharmacological dose of SZ as well as pharmacological ZnO on growth performance and FCS in post-weaning pigs vary, depending on both the status of infection with ETEC and the pen size.
The VH/VH:CD ratio and CD are commonly used as positive and negative indices, respectively, for the structural integrity of the intestinal mucosa [3, 5, 17] . As such, the smaller or tendency of smaller VH or VH:CD ratio for the SZ group vs NC is suggestive of a negative effect of dietary SZ on the integrity of the villus structure. However, this may as well be taken as a tentative suggestion, because the VH or VH:CD ratio occasionally decreased in response to a physiological dose of lipidcoated ZnO [6] or pharmacological ZnO ( [18] ; present study [the smaller ileal VH:CD ratio for the PC vs NC group]), which commonly exhibited a positive or no effect on these structural variables [8, 9, [19] [20] [21] . Accordingly, for the present result of the SZ effect to be substantiated, it needs to be confirmed unequivocally in future studies.
Intestinal mucosal growth and immunity are known to be regulated by a number of growth factors [22, 23] , structural proteins [24] , and cytokines [25] [26] [27] . Of those growth factors and structural proteins, IGF-I and the tight junction proteins ZO-1 and occludin play central roles in mucosal growth and the barrier function against the microbial dissemination, respectively. It is also well known that TNF-α and IL-6 stimulate inflammatory responses whereas the anti-inflammatory cytokines TGF-β1 and IL-10 suppress them [28, 29] . The lower mRNA levels of occludin and TGF-β1 for the SZ group vs PC observed in the present study then suggest that SZ-100 to -400 is less potent than pharmacological ZnO in inducing the expression of the structural protein and cytokine. Moreover, the regression and the tendency of regression of the IGF-I and IL-10 mRNA levels on the supplemental SZ concentration, respectively, suggest that the expression of these peptides may be up-regulated by SZ. Likewise, IL-6 expression is seemingly down-regulated by the increasing dose of SZ, as suggested by 2) Total SZ (SZ-100, -200, and -400) vs NC and total SZ vs PC, respectively.
3) Linear and quadratic regressions on the dietary SZ concentration within the total SZ group piglets were analyzed separately. 4) Scored subjectively: 0, formal firm feces; 1, soft feces; 2, diarrhea. 5) Applies to all day × treatment combinations. 6) The p values for the day and day × treatment were 0.086 and 0.915, respectively.
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Song et al (2018) Asian-Australas J Anim Sci 31:403-409 the negative regression of its mRNA level on the supplemental SZ concentration. Shen et al [15] and Grilli et al [30] have reported the effects for one of two other lipid-coated ZnO supplements, respectively, on jejunal expression of a number of cytokines [30] as well as growth factors and tight junction proteins [15] , but comparison of their results with the present ones was precluded because of the unknown efficacies of the different Zn supplements as well as different ranges of dietary concentrations of them examined in these and present studies. Only limited information is available as to the effects of the lipid-coated ZnO supplement on expression of the genes in the intestine in association with its main function. Pharmacological ZnO, however, is known to increase the intestinal expression of the genes of IGF-I, tight junction proteins, and anti-inflammatory cytokines [31] [32] [33] [34] [35] , which has been interpreted to suggest that the ZnO supplementation improves the mucosal morphology and barrier function and also modulates the immune function. Shen et al [25] reported similar effects for a lipid-coated ZnO supplement, but such effects were apparent only within a certain range of supra-physiological concentrations. The present results also are thought to be similar to the suggested actions for pharmacological ZnO; however, this was suggested by the regression or trend of the mRNA levels of the genes on the dietary SZ concentration rather than by the changes of the mRNA levels in response to SZ vs basal ZnO, except for the results for occludin which NC, negative control; PC, positive control; SEM, standard error of mean; L, linear; Q, quadratic; IGF-I, insulin-like growth factor-I; ZO-1, zonula occludens protein-1; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; TGF-β1, transforming growth factor-β1. 1) The numeral under the column heading indicates the dietary Zn concentration in mg/kg provided by the Zn supplement. Data are the means of 8 piglets.
2) Total SZ (SZ-100, -200, and -400) vs. NC and total SZ vs PC, respectively.
3) Linear and quadratic regressions on the dietary SZ concentration within the total SZ group piglets were analyzed separately.
exhibited no trend of the dose-responsiveness. Obviously, however, more studies are necessary to work out the dose effects of SZ on intestinal expression of the genes as related to growth and mucosal barrier function and immunity. Collectively, the results of the present study are suggestive of the following conclusions. Dietary supplementation with neither the sub-pharmacological dose of SZ nor pharmacological ZnO has any significant effect on growth performance or FCS for weanling pigs when the piglets are housed individually. Dietary SZ may cause a decrease in VH or VH:CD ratio of the small intestine, which needs to be confirmed in future studies. Finally, dietary SZ may play a role in growth and inflammatory responses of the intestinal mucosa by modulating the expression of IGF-I, IL-6, and IL-10 genes in postweaning pigs.
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